Abstract-A rigorous analysis method is provided for a rectangular slot antenna loaded by a dielectric hemisphere with double dielectric coatings. The method is an integral equation approach and the moment method solution is sought.
coatings.
The method is an integral equation approach and the moment method solution is sought.
The antenna input impedance and radiation patterns are obtained and compared with the case with a single dielectric coating layer. The bandwidth of the antenna is found to be significantly improved with a second dielectric coating layer. The thickness of the second dielectric coating layer is found to be able to control the bandwidth, the impedance and the resonant frequency of the antenna.
The low-profile radiation patterns and the enhanced bandwidth characteristic of the antenna is suggested to have a potential application in mobile base-station communications.
INTRODUCTION
A resonant narrow rectangular slot cut on a large ground has been shown to be a good radiator [1] (and the reference thereof). Many special situations require a rectangular slot as either an antenna or a coupling method. A narrow rectangular slot has many applications distinct from those of the conventional wire antennas, especially where low-profile or flush installations are required such as on high-speed aircraft, missiles, and satellites. Rectangular slots with a hemispherical dielectric load (commonly known as aperture-coupled hemispherical dielectric-resonator antennas) have been widely studied, for example [2] [3] [4] . It was found that the dielectric load can reduce the size of the slot but will also shrink the bandwidth of the antenna. 
THE ANALYSIS METHOD
Consider the rectangular slot antenna loaded by a dielectric hemisphere shown in Figure 1 . The hemispherical dielectric load is covered with two dielectric coatings.
The length and width of the slot are denoted by L and W, respectively. The slot is assumed to be narrow such that W « L. The radius of the dielectric hemisphere is r3, and the radii of the inner and outer dielectric coating layers are r2 , and ri , respectively, such that rI > r2 > r3 > 0.5L (see Figure 3) . The relative permittivities of the dielectric hemisphere, the inner dielectric coating layer, the outer dielectric coating layer, and the free space are systematically denoted by er3 , er2 , and Er1, respectively. The microstrip substrate has a width Wd, a thickness d, and a relative permittivity Cr as shown in Figure 2 . The infinitely thin microstrip line has a width Ws and is symmetrically laid on the substrate block. A parameter T/Ws is used to measure the relative widths of the substrate to the microstrip line, where T is the distance from the microstrip line edge to the substrate edge (see Figure 2 ). The rectangular slot is placed at a distance
Ls from the open end of the microstrip line, which is in turn at a distance Lo from the end of substrate. To analyze this antenna, we consider it to be divided into two regions separated by the ground plane. The region above the ground plane contains the dielectric load and the region below the ground plane contains the microstrip line. The rectangular slot, which connecting these two regions, can be totally replaced by introducing an equivalent magnetic current [8] . By using the image theorem, the electromagnetic equivalence for the region above the ground plane is shown in Figure 3 , in which M+ is the equivalent magnetic current introduced to replace the rectangular slot. By considering the continuity of the tangential electric field across the rectangular slot, an equal magnitude but opposite sense equivalent magnetic current -£1.+) must be introduced to replace the slot on the bottom side of the ground plane. From Figure 3 , it is obvious the we need the Green's functions for a four-layer dielectric sphere (including the outer layer of air) in order to obtain the electromagnetic field due to the equivalent magnetic sphere with the source point in the inner most layer and the field point in the outer most layer. has also been derived in [14] and hence Gm (14) J can be obtained from the operation in (4).
For far-field calculation, the equivalent magnetic current over the slot can be considered to be concentrated along the longitudinal axis, that is, the width of the slot has only a negligible effect. Taking this into consideration, (R, R j is found to have the following simple form where ki = k4 and the Kronecker delta 60 m is defined with respect to m such that 60m = 1 when m = 0 and 6£ = 0 for other values of m. The coefficient A14 is given by [14] The T's and R's in the expressions of AN and DN are transmission and reflection coefficients whose expressions are given in Li's work [14] and not to be repeated here for brevity. for the case with a single dielectric coating layer is found to be 4.5%
x 100%) while that for the case with the double dielectric coating layers is 13.8% 100%) . Hence a substantial increase in bandwidth is observed. Another significant change with an additional dielectric coating layer is the reduction of the impedance, both the resistance and the reactance. We see that the highest resistance decreases from 260 Q to 88Q. The resonant frequency (at which the reactance vanishes) also shifts down from 2.42 GHz to 2.32 GHz. In Figures 7 and 8 , the input impedance of the antenna with a thinner outer dielectric layer with rl = 1.25r2 is shown. The result is compared with the two cases shown in Figure 6 . From these two figures, it can be seen that both the resistance and reactance have values between the two cases in Figure 6 . The bandwidth is now 8.5% 100%) and the resonant frequency is 2.36 GHz. Thus by adding a thinner outer dielectric layer, the improvement in bandwidth will be less prominent while the changes in the impedance level and the resonant frequency are also smaller.
Hence from these calculations, it can be seen that the thickness of the second dielectric layer with a fixed dielectric constant can be used to control the bandwidth, the impedance, and the resonant frequency of the antenna. The radius of the whole dielectric load (i.e., the dielectric hemisphere with the dielectric coatings) is 1.67 cm for the case with a single dielectric coating layer and 2.50 cm for the case with double dielectric coating layers (for ri = 1.5r2). Thus with a second added dielectric coating layer, the increase in radius is 50% while the increase in bandwidth is 207%, i.e., more than twofold. For the case with a thinner second dielectric layer (i.e., rl = 1.25r2) , the radius of the dielectric load is 2.08 cm. The increase in radius is thus 25% while the increase in bandwidth is 89%. Hence there are many intermediate values for the size and bandwidth of the antenna which can be chosen for a practical situation. The computed radiation patterns of the antenna with double dielectric coatings are shown in Figure 9 . The antenna is the one with double dielectric coatings studied in Figure 6 . It can be seen that the patterns are same as those of a slot antenna with a hemispherical dielectric load with no dielectric coating [7, 16] . That means the hemispherical dielectric load with double dielectric coatings does not change the angular distribution of the far field. The low-profile radiation patterns of this antenna have a potential application for mobile base-station communications. 
